We report a precise measurement of the masses of the Ξ c (2645) and Ξ c (2815) baryons using a data sample of 414 fb −1 collected by the Belle collaboration at the KEKB e + e − collider. The states Ξ c (2645) 0,+ are observed in the Ξ +,0 c π −,+ decay modes, while the Ξ c (2815) 0,+ are reconstructed in the Ξ c (2645) +,0 π −,+ decay modes. The following mass splittings are determined: m Ξc(2645) + − m Ξc(2645) 0 = (−0.1±0.3(stat)±0.6(syst)) MeV/c 2 and m Ξc(2815) + −m Ξc(2815) 0 = (−3.4±1.9(stat)± 0.9(syst)) MeV/c 2 with a much better precision than the current world averages. We also observe a new decay mode, Ξ c (2980) 0,+ → Ξ c (2645) +,0 π −,+ .
INTRODUCTION
The study of charmed baryons has recently been a focus of significant experimental effort [1, 2, 3, 4, 5, 6, 7, 8] . Several new excited states, such as the Ξ c (2980), Ξ c (3055), Ξ c (3077), Ξ c (3123) and Λ c (2940) have been observed, or their properties determined for the first time, enabling tests of quark (and other) models and predictions of heavy quark symmetry [9, 10] .
This paper presents a study of exclusive decays of the Ξ c (2645) 0 , Ξ c (2645) + , Ξ c (2815) 0 and Ξ c (2815) + baryons [11] and a determination of their masses and the corresponding mass splittings within isospin doublets. The Ξ c (2645) 0 and Ξ c (2645) + are reconstructed in the Ξ + c π − and Ξ 0 c π + decay modes, respectively. The latter mode was first observed by the CLEO collaboration [12] , while the former decay mode is observed here for the first time. For the hyperons Ξ c (2815) 0 and Ξ c (2815) + , first seen by the CLEO collaboration [13] , the decays into Ξ c (2645) + π − and Ξ c (2645) 0 π + are observed. In the mass spectra of Ξ c (2645) +,0 π −,+ pairs, we observe clear peaks close to the Ξ c (2980) 0,+ reported by the Belle [1] and BaBar [2] collaborations in the Λ
states. This article is organized as follows. In the first two sections we describe the data sample and the reconstruction of Ξ c baryons. The next two sections are devoted to the precise determination of the Ξ c (2645) and Ξ c (2815) masses. Finally, in the last section, we discuss the mass peaks observed above the Ξ c (2815) +,0 states in the Ξ c (2645) 0,+ π +,− systems.
DETECTOR AND DATA SAMPLE
The data used for this study were collected on the Υ(4S) resonance using the Belle detector at the KEKB asymmetric-energy e + e − collider [14] . The integrated luminosity of the data sample is 414 fb −1 . The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter comprised of CsI(Tl) crystals (ECL) located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron fluxreturn located outside of the coil is instrumented to detect K 0 L mesons and to identify muons (KLM). A detailed description of the Belle detector can be found elsewhere [15] .
RECONSTRUCTION
Reconstruction of Ξ c , Ξ c (2645) and Ξ c (2815) decays for this analysis proceeds in three steps: reconstruction of tracks and their identification as protons, kaons or pions; combination of tracks to reconstruct Λ and Ξ − hyperons; and the selection of Ξ c candidates from combinations of tracks and hyperons. The method used for each step is described in the following sections. 
. Curves correspond to the fit described in the text. The histograms show the Ξ c mass sidebands. The second peak is due to the feed-down from Ξ c (2790) → Ξ ′ c (2579)π, Ξ ′ c → Ξ c γ, as determined from Monte Carlo simulations and marked in (b) as a shaded histogram.
Track reconstruction and identification
Charged tracks are reconstructed from hits in the CDC using a Kalman filter [16] and matched to hits in the SVD. Quality criteria are then applied. All tracks other than those used to form Λ and Ξ − candidates, are required to have impact parameters relative to the interaction point (IP) of less than 0.5 cm in the r − φ plane, and 5 cm in the z direction [17] . The transverse momentum of each track is required to exceed 0.1 GeV/c, in order to reduce the low momentum combinatorial background.
Hadron identification is based on information from the CDC (energy loss dE/dx), TOF and ACC, combined to form likelihoods L(p), L(K) and L(π) for the proton, kaon and pion hypotheses, respectively. These likelihoods are combined to form ratios
, spanning the range from zero to one, which are then used to identify individual tracks [15] . Pion candidates, except those coming from the decay of the Λ hyperon, should satisfy both a proton and a kaon veto: P(p/K) < 0.98 and P(K/π) < 0.98.
Electrons are identified using a similar likelihood ratio P e = L e /(L e + L non-e ), based on a combination of dE/dx measurements in the CDC, the response of the ACC, E/p, where p is the momentum of the track and E the energy of the associated cluster in the ECL, as well as matching between the track and the ECL cluster position and the transverse shower shape. All tracks with P e > 0.98 are assumed to be electrons, and removed from the proton, kaon and pion samples.
Reconstruction of Λ and Ξ −
We reconstruct Λ hyperons in the Λ → pπ − decay mode, requiring the proton track to satisfy P(p/K) > 0.1 [18] , and fitting the p and π tracks to a common vertex. To reduce the number of poorly reconstructed candidates, the χ 2 /n.d.f.
[19] of the vertex should not exceed 25 (removing approximately 2% of signal candidates) and the difference in the zcoordinate between the proton and pion at the vertex is required to be less than 2 cm. Due to the large cτ factor for Λ hyperons (7.89 cm), we demand that the distance between the decay vertex and the IP in the r − φ plane be greater than 1 cm. The invariant mass of the proton-pion pair is required to be within 2.4 MeV/c 2 (≈ 2.5 standard deviations) of the nominal Λ mass. The mean value of the Λ signal in the reconstructed mass distribution is found to be 1115.7 ± 0.1 MeV/c 2 , in agreement with the world average value [20] . We reconstruct Ξ − hyperons in the decay mode Ξ − → Λπ − . The Λ and π candidates are fitted to a common vertex, for which we require χ 2 /n.d.f. < 25 (removing approximately 2% of signal candidates). The distance between the Ξ − decay vertex position and the IP in the r − φ plane should be at least 5 mm, and less than the corresponding distance between the IP and the Λ vertex. The invariant mass of the Λπ − pair is required to be within 7.5 MeV/c 2 of the nominal value (≈ 2.5 standard deviations). The mass of the Ξ − is found to be 1321.78 ± 0.21 MeV/c 2 , in agreement with the PDG average: 1321.34 ± 0.14 MeV/c 2 [20] .
The reconstructed Λ and Ξ − candidates and the remaining charged hadrons in an event are combined to form candidates for the decays Ξ
The signal region is defined by the reconstructed mass windows (2.455-2.485) GeV/c 2 for the former, and (2.45-2.49) GeV/c 2 for the latter decay. All particles forming the Ξ c candidate are then fitted to a common vertex constraining their invariant mass to the average PDG values [20] . A goodness-of-fit criterion is applied: χ 2 /n.d.f. < 50 (removing approximately 5% of signal candidates).
The decays Ξ c (2645
c π + are reconstructed by fitting pairs of charged pions and Ξ c candidates to a common vertex. The combinations are accepted if they satisfy the criterion χ 2 /n.d.f. < 10 (removing approximately 10% of signal candidates) and if the momentum of the Ξ c π system in the center-of-mass system (CMS) exceeds 2.5 GeV/c. Due to the hard momentum spectrum of baryons produced in e + e − processes, this requirement significantly suppresses the combinatorial background. 
Curves correspond to the fit described in the text.
find a broader peak near 2.98 GeV/c 2 in the two charge states.
We extract the signal yield and the Ξ c (2645) +,0 mass and width from a fit to the invariant mass distribution of Ξ 0,+ c π +,− pairs, respectively. We use two Gaussians with a common mean for the signal of the Ξ c (2645):
(where the parameter f 1 denotes a fractional yield of the first Gaussian) and a single Gaussian G f (m; µ f , σ f ) for the feed-down due to the Ξ c (2790):
The background is described by a threshold function ( √ m − m 0 , where m 0 corresponds to the threshold mass value) multiplied by a fourth-order polynomial p 4 with coefficients c i , i = 0, 1, . . . 4:
An additional contribution is due to the reflections from the decay chains Ξ c (2815) wrong-sign pairs Ξ
Thus the overall fit parameterization reads
where the yields c s , c f and c b are to be determined from the fit. The yields of the peaks due to the reflections (c r ) are estimated according to the formulae
and
for Ξ + c π − (Ξ 0 c π + ) pairs, respectively [22] . Here the values of N(Ξ c (2815) 0,+ ) are taken from Table III (the results of the fit to the Ξ c (2645)π mass distribution, described below), 1/2 is the isospin factor weight of Ξ c (2645) decays, with a π 0 , to those involving a π ± . The efficiencies ǫ(Ξ + c ) = 4.55 ± 0.07% (ǫ(Ξ 0 c ) = 7.13 ± 0.14%) correspond to the exclusive decays Ξ
, respectively. They are estimated in our previous measurement (see Table 1 of [8] ). Other parameters determined by the fit are µ, σ 1 , σ 2 , f 1 , µ f and σ f .
The shape of the background function is fixed from the fit to the spectrum of Ξ c π invariant masses using the Ξ c candidates mass sideband: (2.37-2.41) GeV/c/ 2 and (2.52-2.57) GeV/c 2 . Results of the fits are summarized in Table I . As a cross-check, the same selection criteria as described above are also applied to MC samples: e + e − → cc and e + e − → qq, q = u, d, s with no signal decays included. The background shapes in the Ξ c π mass spectra for data and MC are in good agreement. The mass of each Ξ c (2645) state is obtained from a signal MC sample in which one Ξ c decay occurs per event: both are found to be within 0.2 MeV/c 2 of the generated value. The systematic uncertainty on the Ξ c (2645) mass determination is evaluated as follows (Table II) . First, we consider systematic uncertainties related to the fit procedure. To take into account imperfect understanding of the signal resolution, we perform fits varying the signal widths by their statistical erors, and compare with values where the widths are floated: the mass changes by 0.1 MeV/c 2 . For each mode we modify the mass range covered by the fit (extending it by 20%), the bin width (2.5-1.0 MeV/c 2 ) and the parameterization of the −0.30 MeV/c 2 , respectively. To test the modeling of the detector response (alignment, uniformity of magnetic field, correct treatment of specific ionization and scattering in the material), which could cause a bias in the overall mass scale, we study Λ + c → pKπ decays. A fit to the pKπ invariant mass distribution yields m(Λ c ) = 2286.74 ± 0.02 MeV/c 2 (statistical error only). The above value is compared to the recent measurement by the BaBar collaboration [4] , which yields m(Λ c ) = 2286.46 ± 0.14 MeV/c 2 . As a result, a −0.28 MeV/c 2 shift is assigned as a systematic error. The mass of the Λ c reconstructed in pKπ is also determined in bins of the azimuthal angle. The maximal deviations with respect to the value given above are assigned as the corresponding systematic errors, yielding The uncertainty on the parameters of the reflection due to the decays of Ξ c (2815) results in a systematic error of
2 estimated by performing the fit with the removal of the reflection contribution and also by varying its width and yield within their statistical errors.
The Ξ c (2645) mass also depends on the value of m(Ξ c ) applied in the mass-constrained fit. A change of m(Ξ c ) almost linearly transforms to a shift in the measured value of m(Ξ c (2645)). As a result, we include a systematic uncertainty equal to the statistical error in the determination of the Ξ c mass [20] , i.e. ±0.4 MeV/c 2 both for the Ξ + c and Ξ 0 c . It is also checked that the measured mass value is stable within one standard deviation while fitting separately the spectra corresponding to particles and antiparticles in the final state. The total systematic uncertainty is obtained by adding the individual contributions in quadrature.
The masses of the Ξ c (2645) + and Ξ c (2645) 0 (Table I) are in agreement with, and more accurate than the current PDG averages [20] . Assuming that uncertainties (5)- (10) from Table II are the same for charged and neutral Ξ c (2645)'s and, as such, cancel in the Ξ c (2645) + − Ξ c (2645) 0 mass splitting, we find the mass difference between the charged and neutral states to be:
For each decay mode, we extract the signal yield and the Ξ c (2815) mass and width from a fit to the invariant mass distribution of Ξ c (2645)π pairs. We use a single Gaussian for the signal from the Ξ c (2815) and a Breit-Wigner shape convoluted with a Gaussian for the peak near m(Ξ c (2645)π) = 2980 MeV/c 2 (we denote this peak as Ξ c (2980)). The width of the latter Gaussian, describing the experimental mass resolution, is fixed from the MC simulation to the value of 2.2 ± 0.2 MeV. The background is parameterized by a threshold function multiplied by a first-order polynomial with coefficients d 0 and d 1 :
The fit results are summarized in Tables III and IV 
18 ± 6 ± 3 7.3 Ξ c (2980) 0 56.9 ± 12.5 2965.7 ± 2.4(stat)
The systematic uncertainties on the Ξ c (2815) mass determination are estimated following the procedure used for the Ξ c (2645). The total systematic uncertainty is obtained by adding the individual contributions in quadrature (Table II) .
The masses of the Ξ c (2815) + and Ξ c (2815) 0 (Table III) are in agreement with the CLEO [13] measurements. For the charged state the accuracy is comparable to [13] , while for the neutral one it is better. Assuming that uncertainties (5)-(9) from Table II 
The mass of the Ξ c (2980) 0 (Table IV) + is smaller than the value found by Belle (43.5 ± 7.5 ± 7.0) MeV and BaBar (27 ± 8 ± 2) MeV. To estimate the significance of the Ξ c (2980) +,0 observation, the fit is repeated omitting the signal component due to this state from the fit. The significance is determined from −2 ln (L 0 /L), where L and L 0 refer to the maximum of the default likelihood function (describing also the Ξ c (2980)) and the likelihood function omitting this signal component, respectively. This quantity should be distributed as χ 2 (n.d.f. = 3), as three parameters are free for the signal.
The systematic uncertainties on the Ξ c (2980) mass are determined following the procedure used for the Ξ c (2645) and Ξ c (2815). The uncertainty due to the fit procedure is determined to be ±0.9 MeV/c 2 by varying the bin width and the experimental resolution within its error (2.2 ± 0.2) MeV and by fitting the background with a second-order polynomial. The above mentioned procedures of varying the bin width and the experimental resolution within its error are also used to determine the systematic uncertainty of the natural width of the Ξ c (2980) ( Table IV) . The total systematic uncertainty on the Ξ c (2980) mass determination (Table IV) is obtained by adding in quadrature the uncertainty due to the fit procedure and the contributions (5-9) and (11), as given in Table II .
Given the uncertainties in the measured masses and widths of the Ξ c (2980), this state is consistent with the charmed baryon observed in Λ c Kπ final state, the Ξ c (2980). No signals are observed in the Ξ c (2645)π mass spectra near the masses of 3055, 3077 and 3123 MeV/c 2 , corresponding to the new states observed by Belle [1] and BaBar [2] in Λ c Kπ decays.
CONCLUSIONS
Based on a large sample of the Ξ c hyperons, the masses of Ξ c (2645) and Ξ c (2815) baryons are measured (Table V) They are determined with a much better precision than the current world averages. The measurement also provides the first confirmation of the respective CLEO observations [12, 13] . In the Ξ c (2645) + π − and Ξ c (2645) 0 π + spectra, two states with masses around 2980 MeV/c 2 are observed with large statistical significance. The measured masses and widths of the Ξ c (2980) are slightly different from the values determined for the Ξ c (2980) in previous measurements [1, 2] , although still consistent within the uncertainties. While identification of this state as the Ξ c (2980) ( [1, 2] ) is plausible, further high-statistics measurements of its properties would be welcome to confirm this hypothesis. 
